Specchio di Venere is a peculiar, ambient temperature, geothermal, alkaline lake, with lake water oversaturated in carbonate phase where siliceous stromatolites actively grow despite the undersaturation of silica phases. The most of the main sedimentary structures of this lake have been investigated in recent years, with the exception of the carbonate bank running along the southwestern margin of the lake, which is the object of this study. Here we report on the mineralogical and geochemical characterisation of the carbonate bank, based on the study of two cores taken in the area mostly affected by the circulation of fluids of different origin. The ultimate results of our study suggest that silica gel deposits form inside the carbonate bank, following an Alkali-Silica Reaction. These new findings complete the general overview on the sedimentary processes acting in a Lake Specchio di Venere, whose origin is sometimes chemico-physical and sometimes strongly conditioned by microbial activity.
INTRODUCTION
Geothermal lakes are a very common feature in volcanic environments (Christenson et al., 2015) . Their chemistry is controlled by the interaction among fluids of different origin: hydrothermal vents, rainfall, groundwater, runoff, and occasionally seawater (for those close to the sea). Among these, alkaline lakes exhibit a distinct chemistry defined by the fact that alkali cations in general, and sodium and potassium in particular, maintain the charge balance of bicarbonate and carbonate ions in addition to alkaline earth ions (Kempe, 1977; Kempe and Kazmierczak, 2003) . These lakes show large salinity and pH ranges but, especially in closed lakes with high salt content and alkalinity above 10 -2 mol L -1
, the pH may rise to values above 10 (Eugster and Hardie, 1978; Kempe et al., 1989; Lerman and Stumm, 1989) . These environments foster productive ecosystems (Pecoraino et al., 2015) commonly characterised by the blooming of microbial mats.
During the last decades, Lake Specchio di Venere, located in the northern sector of the volcanic island of Pantelleria (Italy), has attracted the interest of several researchers due to its peculiar characteristics: an ambient temperature, hydrothermal alkaline lake where siliceous stromatolites actively grow in a prevailing carbonate environment, despite the slight undersaturation of SiO 2 phases (Cangemi et al., 2010) . Various authors studied different components of this geosite: lake water chemistry (Azzaro et al., 1983 , Parello et al., 2000 , Aiuppa et al., 2007 , Cangemi et al., 2010 2016a; Censi et al., 2015) , mineralogy and geochemistry of lake bottom sediments (Azzaro et al., 1983 , Aiuppa et al., 2007 , Cangemi et al., 2016b , and mineralogical, biogeochemical and isotopic characterisation of siliceous stromatolites and carbonate microbial mats (Cangemi et al., 2010; 2016a; Censi et al., 2015) . The lake is part of a nature reserve protecting a wide area of Pantelleria, with significant limitation of the permitted activities, including scientific researches.
Until now, one of the most relevant features of this lake, i.e. the carbonate bank running all around its shoreline (Cangemi et al., 2010; Madonia et al., 2013) , has been poorly studied.
With the aim of completing the description of Lake Specchio di Venere, this study was pointed out on the mineralogical and geochemical characterisation of this feature, with a particular attention on solid accumulations and soft gels of silica.
METHODS

Study area
Pantelleria is a Pleistocene stratovolcano island located in the Sicily Channel Rift Zone, about 100 km southwest of Sicily and 70 km north of Tunisia (Fig. 1a) . Its reliefs extend from 836 m asl (Mt. Grande; Fig. 1b) to 1200 m asl. The outcropping rocks mainly consist of products of explosive volcanic activity ranging from trachytes to peralkaline rhyolites, with subordinate basalts (Civetta et al., 1984) . Major eruptions formed calderas; the last two of these are recognizable in the field as "La Vecchia" and "Monastero" calderas (also known as "Cinque Denti"), formed after the "Green Tuff" eruption (45 ky), which rims the north sector of the Specchio di Venere Lake. The intra- Fig. 1 . Studied area: a) location of Pantelleria Island; b) location of Lake Specchio di Venere; c) bathymetric contour lines (m bll) and location of sampling points (red circles) and hydrothermal vents (blue stars); d) overview of Lake Specchio di Venere; e) view of the southwestern sector of the lake showing the carbonate bank (on the left in the picture); f) submerged hydrothermal vent emitting CO 2 bubbles; g) microbial mats wrapping the unconsolidated sediments of the lake floor; h) siliceous stromatolites; i) sampling point (core 1) showing the roughly laminated structure of the bank with associated silica gel deposit (red arrow). caldera activity of the past 45 ky indicates the presence of an active magma chamber at crustal depth (Parello et al., 2000) . Presently, Pantelleria shows diffused hydrothermal activity, characterized by low temperature fumarole vents and hydrothermal springs.
Specchio di Venere is an endorheic lake located (Fig.  1b) inside the Cinque Denti caldera depression showing a sub-circular shape, ca. 450 m long and ca. 350 m wide, with a maximum depth of 12.5 m (Bocchi et al., 1988; Madonia et al., 2013) and steepest slopes on its northeastern side (Fig. 1 c-d) . The surface area of the lake, extending up to ca 200.000 m 2 , is strongly controlled by water input by rainfall, runoff, and a contribution from the thermal aquifer and water output through seepage to groundwater (Aiuppa et al., 2007) . The southwest shoreline of the lake is affected by hydrothermal activity (Fig. 1c) , exhaling mainly CO 2 (98%) associated to minor amounts of N 2 , O 2 , Ar, CH 4 , H 2 and He (D' Alessandro et al., 1994; Parello et al., 2000; Aiuppa et al., 2007) . Lake waters are characterized by the presence of Cl, Na, HCO 3 , SO 4 , CO 3 , K, Mg, Ca, Si, in order of abundance, strongly controlled by thermal waters feeding the lake and by a fractional evaporation process (Parello et al., 2000; Aiuppa et al., 2007 , Cangemi et al., 2010 Censi et al., 2015) . Moreover, water-rock interaction processes contribute to the peculiar enrichment in alkaline elements (Duchi et al., 1994; Giannelli and Grassi, 2001; Di Figlia et al., 2007) . Lake waters are supersaturated with respect to aragonite, calcite, dolomite, huntite, hydromagnesite, magnesite, strontianite and witherite. Silica phases as tridymite, cristobalite, chalcedony and quartz are at equilibrium, whereas amorphous silica is slightly undersaturated (Cangemi et al., 2010; 2016a) .
The studied sedimentary bank constitutes the southwestern shoreline of the lake (Fig. 1e) , where hydrothermal, CO 2 -rich fluids are vented (Fig. 1f) , and carbonate microbial mats (Fig. 1g ) and siliceous stromatolites (Fig. 1h ) have been found (Cangemi et al., 2010; 2016a; Censi et al., 2015) . The bank emerges as a white, interdigitated platform (Fig. 1e) , ranging in thickness from ca 2 to ca 30 cm (Fig. 1i) . It gently dips into the lake, forming a series of degrading terraces to a depth of 2 m, beyond which a steep scarp leads to the maximum depth of ca. 12 m (Madonia et al., 2013) .
Sampling strategy and analytical methods
Due to the restrictions imposed by the nature reserve regulations, we were allowed to take only two cores of the carbonate bank. We decided to collect the samples in proximity of hydrothermal vents where siliceous stromatolites are found (Cangemi et al., 2010) .
These were taken in May 2009 (Fig. 1c) at the morphological step constituting the lake shoreline, where the bank is made of roughly laminated, poorly lithified layers varying in colour (Fig. 1i) . Sometimes laminar structures are masked by bubble-shaped gelly structures (Fig. 1i) . We collected the cores infixing into the bank 20 cm-long acrylic tubes. We immediately extracted the core from the sampler cutting it perpendicularly into 1 cmthick slices. The subsamples were sealed off in polyethylene flasks and stored at -20°C until analysis. In the laboratory the samples were oven dried at 40°C prior to geochemical and mineralogical analyses. A total of 29 samples were investigated.
Bulk sample mineralogy was determined by powder X-ray diffraction (XRD) using a Philips PW14 1373 with Cu-Kα radiation filtered by a monochromator crystal at a scanning speed of 2°2 θ/min. The relative proportions of minerals were established according to methods and data by Schultz (1964) and Barahona et al. (1982) . To further elucidate the nature of poorly crystalline and semiamorphous silica phases, Fourier Transform Infrared Spectrometry (FTIR) was applied. The ATR-FTIR measurements were performed on a Tensor 27 spectrometer (Bruker Optics). The spectrometer was completely soft-controlled by the OPUS software version 6.0 provided by Bruker Optics. The spectrum of each sample was obtained by taking the average of 32 scans at a resolution of 4 cm −1
. It was acquired between 4000 and 400 cm −1 , with scanner frequency of 10 kHz and a background of 32 scans. Pseudo-total trace elements concentrations of sediments were obtained by digesting 0.5 g of dried sample with 10 mL of freshly prepared aqua regia solution (HNO 3 /HCl, 1:3 v/v) in a Teflon vessel using a microwave oven (CEM-MSD 2000) . This method has been widely employed in environmental geochemical studies (Cangemi et al., 2010; 2016a; 2016b) , to remove non lattice-bound metals. Blanks, duplicate samples and standard reference material (Mess 3) were prepared with the same amount of acids for quality control purposes. Working calibration standards were prepared with serial dilution of stock standard solutions of each metals containing 10 mg kg 1 , using the same acid matrix utilized for digestion of the sediment samples. Caution was used in preparing and analysing samples to reduce contamination from air, glassware and reagents. Only reagents of Suprapur quality and MilliQ water were used during the laboratory procedures. All glassware and the reaction vessels were previously soaked overnight with 10% nitric acid solution and then rinsed with ultra pure water. The obtained solutions were analysed by inductively coupled plasma optical emission and mass spectrometry (ICP-OES and ICP-MS) using a Horiba Jobin Yvon equipment, model ULTIMA 2 and an Agilent 7500ce. All determinations were performed with the external standard calibration method, using In and Re as internal standards. The accuracy and precision of analytical procedures have been checked by analysing 
RESULTS
Mineralogy of the bank
The mineralogical composition of the two cores, obtained by XRD investigations, is shown in Tab.1, highlighting some differences between the two cores. The first 2 cm of core 1 are dominated by aragonite (60-72%), mainly associated to clay minerals and minor amounts of calcite and dolomite. Clay minerals start to increase downward, progressively becoming the dominant phase (up to 88.5%). A residual clastic fraction composed of feldspars and quartz is also present. A peculiar characteristic is the appearance of amorphous silica as dominant (8-9 cm of depth) or unique (14-16 cm) phase.
The mineralogy of site 2 is more monotonous, dominated by aragonite and clay minerals ranging from 40.3 to 67.5% and 32.5 and 59.7%, respectively. Aragonite sensibly decreases with depth, counterbalanced by the increase of clay minerals. Hydromagnesite appears in the middle-lower part of the core, with a maximum Tab 1. Mineralogical analysis of the shoreline bank (site 1 and 2) of Lake Specchio di Venere; relative abundances are expressed in %. content of 23.1% at 7.5 cm. Calcite is also present as accessory mineral. FTIR spectra of the two cores (Fig. 2 ) reveal absorption bands within the range 420-500 cm -1 related to the T-O-T bending of vibration mode (T=Al, Si) (Azizi and Yousefpour, 2010) . The strong signal centred at 1007 cm −1 is in the region (950 to 1200 cm −1 ) typical of the intense silicon-oxygen covalent bonds vibrations, indicating the existence of a dense silica network where oxygen atoms bridge two silicon sites (Al-Oweini and ElRassy, 2009 ). This band is also typical of the T-O-T stretching vibration mode (Azizi and Yousefpour, 2010) . In core 1, the main peak at 1007 cm -1 shifts with depth toward higher frequencies, splitting in two peaks partially (Huang and Kerr, 1960 ; RRUFF, http://rruff.info/). In core 2, below 6.5 cm of depth, at 1435 and 1486 cm -1 , the doublet asymmetric bending peaks of CO 3 2- (Jönsson et al., 2007) are observed, in correspondence of hydromagnesite detected by XRD (Tab. 1).
Minor and trace element abundances
Trace and minor element concentrations (Tab. 2) show a large variation, from a minimum of 0.029 mg kg -1 for Se to a maximum of 4102 mg kg -1 for Sr. Three different groups of elements can be distinguished on the basis of their vertical fluctuations, with different behaviours in the two cores. The first group is composed of Rb, K, Al Cs, Cr, Ni, Se and Zn (Fig. 3) , with relative maximum concentrations at 4 and 12 cm of depth in site 1; in site 2 variations are smoother, with the exception of Ni and Cr that show a relative maximum at 6 cm. The second group includes Ca, Sr and Ba (Fig. 4) , whose concentrations abruptly decrease to near 0 at 8 cm in site 1. An opposite behaviour is observed in site 2, where the abundance of these elements slightly increases with depth. The third group comprehends As, Mo and Sb (Fig. 5) , which show a relative maximum in site 1 between 2 and 4 cm, followed by a slight decrease. A more regular behaviour is found in site 2. Uranium (Fig. 5) varies similarly to the elements of the third group, but with a sharp maximum at 6 cm in site 1.
DISCUSSION
Mineralogy
Quartz and feldspars, present as accessory minerals in the bank, are detrital phases directly deriving from country rocks and their related soil coverage. Literature data concerning Pantelleria soils (Di Figlia et al., 2007) highlighted the presence of alkali feldspar, clinopyroxene, olivine, enigmatite, quartz and Fe-Ti oxides as main mineralogical phases, with a variable content of clay minerals as kaolinite, illite and smectite. Clay minerals present in our samples are related to the weathering of these materials, although neo-formation of minerals due to water-rock interaction processes could not be excluded. Carbonate phases, abundant in the surficial portion of core 1 and all along core 2, are authigenic mineral phases. The dominant carbonate phase is aragonite; calcite, dolomite and hydromagnesite are also present, as already reported in previous researches in lake bottom sediments and microbial mats (Azzaro et al., 1983 , Aiuppa et al., 2007 . Following the evaporation process, carbonates are the first phases that precipitate. Aragonite is preferentially precipitated instead of calcite due to the high oversaturation driven by the mixing between hydrothermal and lake water (Aiuppa et al., 2007) . The formation of primary dolomite is associated to hypersaline conditions (Rosen et al., 1989) . Moreover, amorphous silica is present in the deeper portion of core 1 (Fig. 1i, Fig. 2 and Tab. 1); its presence in bottom lake sediments, stromatolites and microbial mats has been previously reported (Cangemi et al., 2010; 2016a , 2016b Censi et al., 2015) . These silica-rich levels are also related to microbial mediation that accelerates silica nucleation (Cangemi et al., 2010) .
Silica gel precipitation is reported as a product of the alkali-silica reaction (ASR) in artificial carbonate environments, like concretes. ASR gel is produced by a chemical reaction between reactive silica, present in aggregates, and alkali (mainly Na + , K + and Ca 2+ ) contained in the cement paste (Diamond, 1975; Pertold et al., 2008; Tang, 2010) , which absorbs water and increases in volume causing cracking and damages in concrete structures. Na + , K + and Ca 2+ are present into the cement and when released into pore liquid form Na-, K-, and Ca-hydroxyls. This process causes the increasing of hydroxyl ions in cement's pore fluids, which initiate the chemical reaction of silica. The Si-O bonds are hydrated and replaced by silanol groups, which create a gel-like layer covering the aggregate surface, containing monomers of H 2 SiO 4 2-and H 3 SiO 4 -. The latter are negatively charged and attract alkalis present in pore solutions, forming alkali-silica reaction gels (Diamond, 1975; Chatterji, 1989; Vestraete et al., 2004; Chatterji, 2005; Ichikawa and Miura, 2007; Poyet et al., 2007) . In our natural system, the artificial concrete structure is substituted by the shoreline carbonate bank, through which pore fluids circulate and promote the ASR, causing the formation of silica gel-rich levels intercalated in the carbonate matrix. Similar processes have been already observed in analogous natural environments. Gels composed of sodium-aluminum silicates have been found in Lake Magadi (Kenya), where the interaction of hot alkaline spring water with alkali trachyte flow form surficial deposits of silica gel, sometimes covered by algal material (Eugster and Jones, 1968) . Young lavas like those of Kilawea Volcano (Hawai'i) frequently show an opaque surface coating composed of amorphous silica and Fe-Ti oxides (Chemtob and Rossman, 2014) . Moreover, hydrous amorphous silica is formed as a product of incongruent chemical weathering of basalt glass and basalt-associated minerals (Gordon and Dorn, 2005; Fulignati et al., 2006; Prinsloo et al., 2010) .
The abovementioned considerations indicate that silica gel deposits can form inside the carbonate bank of Lake Specchio di Venere, despite the general undersaturation of silica phases in lake water. This process is basically of chemico-physical nature and microbial mediation is not necessary, differently of what observed for siliceous stromatolites from the same site (Cangemi et al., 2010) .
Sediment geochemistry
Vertical distributions of major, minor and trace elements are proxies of different mineral origin and redox conditions, which in turn are influenced by hydrothermal fluid circulation. The reciprocal affinity of the elements has been investigated using both vertical distribution profiles (Figs. 3-5 ) and Pearson's correlation coefficient (r) matrices (Tab. 3). As shown in the table, and already remarked in the results paragraph, core 2 is more homogeneous than core 1 and the mutual relationships among the vertical distribution of chemical species are weaker. In fact, with the exception of the expected good correlation among vicariants of carbonates or other few elements typical of clay minerals (Rb and Cs), r values are generally much lower in core 2 with respect to core 1.
Al, Rb and K are elements associated to the fine granulometric fraction (0.001-0.1 mm) that includes clay minerals, feldspar and mica (Spears and Zheng, 1999; Wehausen and Brumsack, 2000; Rachold and Brumsack, 2001) . These elements show a very low mobility, independent of pH and Eh conditions, and are considered as good indicators of detrital supply (Tribovillard et al., 2006; Calvet and Pedersen, 2007; Riquier et al., 2010; Da Silva et al., 2015) . Trace elements like Cs, Cr, Ni, Se Li and Mg are well correlated to Rb, Al and K (Fig. 3,  Tab. 3). Their source is the surface runoff transporting chemicals derived from the chemical weathering of volcanic rocks and associated soils outcropping around the lake, as suggested by the significant concentrations of some of these elements found by Di Figlia et al. (2007) in soils. The geochemical similarity between these elements (Vine, 1975; Lyons and Welch, 1997) , due to its high geochemical mobility during water-rock interaction processes (Ellis and Mahon, 1967; Seyfried et al., 1984; Takamatsu et al., 1989; Lyons and Welch, 1997) . Enrichments in Li have been reported in correspondence to the hyper saline epilimnion of Lake Bonney (Antarctica) due to its water level decreasing and consequent evapo-concentration (Lyons and Welch, 1997) .
Ca, Sr, and Ba (Fig. 4) show very similar vertical profiles. In core 1, they follow the distribution of carbonate phases, mainly aragonite, highly represented in the surficial portion of the core. The higher mineralogical homogeneity of core 2 is reflected in the vertical profiles of Ca, Sr and Ba, more constant with depth. Sr and Ca are well correlated (r= 0.98 and 0.96 in core 1 and 2, respectively), as expected for vicariants.
As, Mo and Sb vertical profiles (Fig. 5) show similar fluctuations. Generally, they show enrichments at depth Tab. 3. Pearson correlation coefficient (r) matrix for elements plotted in vertical profiles. above ca 6 cm in core 1, in correspondence to carbonaterich levels, whereas in core 2 their vertical patterns are more homogeneous. They are classified as "oxo-hydroxy anion (OHA)-forming elements", owing to their strong tendency to form water-soluble anionic complexes in their higher oxidation states, and are relatively mobile under suboxic conditions. The efficient removal of As, Sb and Mo from marine water columns or pore waters, happening close to the oxic-anoxic interface and attributed to adsorption of these elements onto manganese and iron oxides, has been widely documented (Crusius et al., 1996; Filella et al., 2002; Nordstrom, 2002; Smedley and Kinniburgh, 2002) . Consistently, moderately reducing conditions in the deeper portion of core 1 favour the mobility of these elements, carried by hydrothermal fluids ascending toward the surface and outflowing from vents located in proximity of the studied bank. Uranium shows an elevated tendency to form soluble carbonate complexes like UO 2 (CO 3 ) 2-and UO 2 (CO 3 ) 4-, although at a pH ranging from 5 to 8 it can form the UO 2 2+ ion, being adsorbed in Fe-minerals like goethite, hematite and Fe-oxy-hydroxide (Langmuir, 1978; His and Langmuir, 1985) . In core 1, U is more abundant in the first centimetres in correspondence to carbonate minerals and higher Fe concentrations.
CONCLUSIONS
Lake Specchio di Venere is a very complex geosystem and, as already seen for its other components, a noteworthy horizontal and vertical compositional variety has been highlighted in the studied bank, where detrital and authigenic minerals have been distinguished. Detrital phases are mainly represented by clay minerals and minor amount of quartz and feldspars. Authigenic minerals are essentially represented by carbonate phases, whose precipitation is fostered by evaporation of lake water, which is the product of the mixing among meteoric, hydrothermal and marine waters. The dominant mineral is aragonite, associated to minor amounts of hydromagnesite, calcite and dolomite.
Vertical distributions of minor and trace elements are linked to the different origin of minerals (detrital or authigenic) and redox conditions, which in turn are conditioned by hydrothermal fluids circulation.
Moreover, silica gel deposits form inside the carbonate bank, despite the general undersaturation of silica phases in lake water, following an ASR-type process; this process is basically of chemico-physical nature and microbial mediation is not necessary, differently of what observed in previous studies for siliceous stromatolites from the same site.
Our findings remark the huge geochemical complexity of Lake Specchio di Venere, where a variety of physical, chemical and biological processes reciprocally interact, at different extents in different places, creating a puzzle of micro-geoniches sometimes dominated by simple chemico-physical processes and sometimes strongly conditioned by microbial mediation. 
